I. INTRODUCTION

D
YNAMIC behavior and contact phenomena of RF MEMS switches provide critical information for the performance and reliability of these switches. Parameters such as switching speed, contact resistance, and bouncing/settling time often need to be measured before a switch can be integrated into a meaningful range of applications. However, bouncing phenomena [1] are rarely accurately modeled today by any present nonlinearly adhesive contact theory involved into the time-dependent Euler-Bernoulli-beam-based calculation even for mature commercial switches.
Since the first MEMS switch was fabricated in 1979 [2] , bouncing phenomena during actuation have been observed and investigated. McCarthy et al. [3] developed a timedependent model based on the Euler-Bernoulli beam theory to predict the dynamic behavior of the beam tips of uniform and non-uniform MEMS switches, but the adhesion between the contact tip and the drain was not included in their model. The authors are with the Birck Nanotechnology Center, Department of Electrical and Computer Engineering, Purdue University, West Lafayette, IN 47907 USA (e-mail: wu639@prudue.edu; yang208.purdue@gmail.com; dperouli@purdue.edu).
Color versions of one or more of the figures in this paper are available online at http://ieeexplore.ieee.org.
Digital Object Identifier 10.1109/JMEMS.2015. 2415785 Decuzzi et al. [4] also used the time-dependent EulerBernoulli beam theory to model the switch tip behavior during actuation. They applied a nonlinearly adhesive spring at the contact tip of the cantilever beam. Guo et al. [5] used the finite element method to simulate a non-uniform switch during actuation. A nonlinear contact model with adhesion, i.e. the Johnson-Kendall-Roberts (JKR) model [6] is included in their simulation during the tip-drain contact. Tung et al. [7] utilized the Galerkin projection procedure to solve the timedependent Euler-Bernoulli beam equation for the dynamic beam deflection. The adhesion force was modeled as the force made by a linear spring. All the models above showed that the adhesion between the contact tip and the drain can reduce the dynamic bounces during actuation. This study presents a simple method to relate the adhesion effect to any present nonlinearly adhesive contact theory when the time-dependent Euler-Bernoulli beam equation is numerically solved to predict the deflection of a MEMS switch during actuation.
Fruehling et al. [1] operated the switching tests for commercial MEMS switches (Omron 2SMES-01) and observed that the number, magnitude, and duration of bounces increase with the switching cycles increasing. This observation implies that the contact bounces can be reduced by the adhesion between the contact tip and the drain as well, in addition to the squeeze film, because the properties of the squeeze-film damping factor typically remain constant during operating switches under the same environmental conditions. It also indicates that the number of bounces changes due to the change of the tip-drain interaction while the switch undergoes millions of switching cycles.
In this study, a new mathematical model including the adhesive contact model is developed to investigate the characteristics of a typical RF MEMS switch with a single cantilever beam during actuation. The time-dependent Euler-Bernoulli beam theory is applied to determine the beam deflection. During actuation, the beam spends some energy per contact cycle to overcome the external work by the adherence force. Hence, the mechanism of this energy dissipation can be treated as effective adhesion-induced damping contribution. This modeling method can avoid the time-consuming calculation during the complicated tip-drain contact process due to the change of the beam vibration mode during contact. By combining the adhesion-induced damping and the squeezefilm damping coefficients, the beam deflection can be determined at any given time. The modeling results illustrate that the adhesion effect reduces the number of bounces compared to that of the case of neglected adhesion. The number of bounces decreases with the adhesion increasing. Furthermore, a non-dimensionalization model is also developed to analyze the characteristics of a general RF MEMS switch. It should be noted that the energy dissipation due to the adherence force is independent of the signal shape of the actuation voltage and only dependent on the contact materials and the contact geometry. Therefore the effective adhesion-induced damping model can be used in any situation with arbitrary actuation voltage.
II. ADHESION-INDUCED DAMPING EFFECT: EXPERIMENTAL OBSERVATIONS
The Omron 2SMES-01 switch is a commercially available RF MEMS switch with single-crystal silicon structure, hermetic packaging, and robust design. This study employs the test procedure of Fruehling et al. [1] to measure the time evolution of the switch contact pattern. The test conditions are summarized in Table I . Switches are tested at an actuation voltage of 29 V. The voltage across the switch terminals (switching voltage) is constantly maintained at 10 V when the switch is open, whereas the switching current is limited up to 1 or 1.8 mA when the switch is closed. According to the evidence in [8] and [9] , even a small switching current of 0.75 mA along with a switching voltage of 3.54 V can cause hot-switching-induced damage. Therefore, our test conditions, falling outside of the manufacturer's specifications, allow observing hot-switching behavior in a short period of operation time. Figure 1a shows the experimental setup with a MEMS switch. In order to protect the switch, an external resistor of 10 k or 5.6 k is implemented in series to limit the switching current up to 1 or 1.8 mA respectively. An arbitrary waveform generator followed by an amplifier creates a rectangular signal to actuate the switch. The switching voltage is recorded by an oscilloscope. When the switch is settled, a DMM is used to measure on-state resistance while the switching voltage is temporarily turned off. The simplified equivalent circuit is shown in Fig. 1b in which an equivalent capacitance C eq due to the measurement instruments interconnecting is connected to ground between the external resistor and the switch. The rising time τ rising (charge time) and falling time τ f alling (discharge time) of the switch can be estimated by τ rising = R ext C eq and τ f alling = R on C eq respectively in which R ext and R on are the external resistance and the contact resistance of the on-state switch respectively. According to the experimental results in Fig. 2 , the rising time is in the order of microseconds, whereas the falling time is less than 1 nanosecond. The switch contact pattern is recorded at one-million-cycle intervals. Figure 2 shows typical measured results for up to 200 million cycles. It should be noted that practicallysignificant switches like the ones tested from Omron are hermetically sealed and not optically accessible by a laser doppler vibrometer (LDV) instrument. Therefore, purely electronic methods are necessary to monitor their performance. In addition, the 2-Gs/s sampling rate of the oscilloscope captures bounces in the timescale of 0.5 μs or slower.
It is interesting to observe that only two contact bounces are observed at the beginning of the 20th million switching cycle. Around 40 million cycles, a third smaller bounce is added, which becomes significantly more noticeable at about 180 million cycles. The switch does not fail at 200 million cycles, but recording is stopped at that point. As these and other data suggest [1] , [7] , an increased number of bounces is often observed in such experiments. Although the exact cause of failure is excluded from this study, two common failure modes, i.e. permanent-open and permanent-closed failure, were observed at the end of operation. It is speculated that welding [10] , stiction [11] , or bridge transfer [12] causes the permanent-closed failure. The permanent-open failure is possibly induced by contamination [11] , [13] or wear [14] . The remaining sections of this paper focus on accurately modeling and explaining increasing of bouncing behavior.
III. MODELING THEORY
A. Equation of Motion for an Electrostatically Actuated RF MEMS Switch
The typical structure of an RF MEMS switch consists of a rectangular cantilever beam with a contact tip at the free end as the source, a plane gate, and a drain as shown in Fig. 3 . When applying a voltage between the beam and the gate, the electrostatic force bends the cantilever beam towards the drain until the tip contacts the drain. During actuation, the deflection of the cantilever beam is governed by the time-dependent Euler-Bernoulli beam theory as:
where ρ is the beam density, A is the cross-sectional area of the beam, c is the damping coefficient per unit length which is discussed later, and E and I are the Young's modulus and the second moment of inertial of the beam, respectively. The right-hand side force term f E is the electrostatic force per unit length which can be approximated by a parallel plate model as:
where 0 is the free-space permittivity, b is the beam width, V is the applied bias voltage, g 0 is the tip-to-drain distance, and y is the deflection of the beam. Before the tip contacts the drain, there is no external moment or concentrated force applied at the beam tip. Thus, the boundary conditions are given by: where L is the beam length. The initial conditions are given by:
B. Nonlinearly Adhesive Contact Model for Tip-Drain Contact: Short Review
When the displacement of the beam tip becomes sufficiently large, the tip contacts the drain. In this study, the contact tip is assumed to be a smooth and clean spherical surface with radius R. The drain is assumed to be a flat, smooth, and clean surface. According to these assumptions, the interaction between the contact tip and the drain can be treated equivalently as the contact between a rigid spherical bump and an elastic half-space [15] as shown in Fig. 4 . In the equivalent model, the effective radius of the rigid spherical bump is equal to R. The effective elastic modulus of the half-space is determined by:
where E t and E d are Young's moduli for the contact tip and the drain respectively, and ν t and ν d are Poisson's ratios for the contact tip and the drain respectively. The Johnson-Kendall-Roberts (JKR) theory [6] is widely used to model the contact between a rigid sphere and an elastic half-space with adhesion. In the JKR theory, a constant work of adhesion w causes a larger contact area than that of the nonadhesive contact model (Hertz model) under the same external force. The work of adhesion w is neglected outside the JKR contact area. Through minimizing the total energy, including the elastic strain energy stored in the elastic half-space, the external work by the applied load P, and the surface energy, the radius of the contact area a can be determined with a given applied load P as:
It must be noted that a positive load P leads to the contact between the rigid sphere and the elastic half-space in compression. The penetration, or displacement, δ is the distance between the contact center of the rigid sphere and the surface of the half-space and related to the radius of the contact area a as:
With a given δ, the radius of the contact area a can be calculated by (7) . Consequently, the applied load P can also be obtained by (6) with the determined a. It is obvious that the penetration of the rigid sphere δ is nonlinear to the applied load P. It should also be noted that the surface force causes an initial contact area immediately after the sphere contacts the half-space. At this time, the load P applied to the halfspace is still zero. The radius of this initial contact area is a 0 = (6πwR 2 /K ) 1/3 . This surface force also causes the rigid sphere to snap toward an initial penetration δ 0 as:
This initial penetration δ 0 is generally much smaller than the tip-drain gap g a , i.e. δ 0 = 0.46 nm for a gold tip with R = 5 μm. The energy contribution due to snapping into the kinetic energy and the strain energy stored in the switch beam is negligible. Therefore, the dynamic behavior of the tip is considered as continuous between g a and g a + δ 0 . In order to avoid any unreal solution, the switch beam remains a cantilever when y(L, t) < g a + δ 0 . When y(L, t) > g a + δ 0 , the drain surface gives a concentrated force P to the beam tip y(L, t). Then the last boundary condition in (3) is replaced by:
where F S is the shear force in the beam. It must be noted that both the contact tip and the drain are assumed to remain purely elastic during each contact in this study. The adhesion hysteresis is not considered in this study. Therefore, (6) and (7) are valid for the loading and unloading processes during the tip-drain contact.
C. Adhesion-Induced Damping
In the unloading process during the tip-drain contact, the load P by the contact tip decreases with the penetration δ decreasing and becomes negative, or retracted, when δ becomes smaller than δ 0 . Then the surface force keeps the contact of the tip and the drain until the retracted load P reaches the adherence force P c . Finally, the contact tip will separate from the drain surface if the magnitude of the retracted load P exceeds the adherence force P c . Hence, in each separation process, the adherence force P c does the external work on the contact tip. The beam will lose some energy to overcome the external work by the adherence force P c per vibration cycle.
In a typical computation process, (6) and (7) are also used to obtain the force-penetration relation during the unloading process of the contact of the tip and the drain. Consequently, with determined P and δ, the deflection of the beam can be determined by (1) with (3), (4), and (9) until the contact tip completely leaves the drain. It is noted that through (6) and (7), the adherence force P c occurs at the minimum penetration δ c = (π 2 w 2 R/12K 2 ) 1/3 < 0. This means that the minimum penetration δ c is above the undeformed surface of the half-space. Hence, the range of (9) is needed to change slightly to y(L, t) > g a + δ c for the unloading process. However, when y(L, t) > g a + δ 0 , the drain gives a concentrated force to the beam tip in the opposite direction of the electrostatic force. The beam is not a cantilever, and the vibration mode of the beam changes. This mode change causes more complicated loading and unloading processes per the tip-drain contact. In addition, the initial penetration δ 0 and the minimum penetration δ c are usually much smaller compared to the tip-drain distance g a . A very small time step is necessarily used to accurately calculate the force-distance relation between δ c and δ 0 . These difficulties result in time-consuming computation.
An alternative model proposed here is to employ (9) for the loading and unloading processes when y(L, t) > g a + δ 0 . As mentioned in III-B, for g a + δ c < y(L, t) < g a + δ 0 , the beam is assumed to be a cantilever without force applied at the beam tip. The effect of the adherence force will be treated as a damping contribution during actuation because the work by the adherence force P c dissipates the total energy of the beam per contact cycle.
To focus on the motion of the contact tip, the point-mass model can be applied on the cantilever beam with a uniform mass [16] . In the point-mass model, the beam is considered as a massless beam with an effective mass at the tip. Consequently, the tip motion can be modeled as the effective mass connecting an effective spring of the beam k b = 3E I/L 3 and an effective damping coefficient c A L related to the adherence force as shown in Fig. 5 . It should be noted that c A is the effective damping coefficient per unit length and assumed to be uniformly distributed along the beam.
The energy dissipated by the effective damping coefficient c A L per contact/vibration cycle in this equivalent system is given by [17] :
where ω n is the natural frequency of the beam at the n th mode, and Y is the amplitude of the beam tip. In this study, Y is close to the distance between the tip and the drain surface g a , i.e. Y ≈ g a , because the maximum penetration δ max is much smaller than g a . Per tip-drain separation, the external work by the adherence force P c , which is applied at the free end of the cantilever beam, is given by:
By equating (10) and (11), the effective adhesion-induced damping coefficient per unit length c A can be found as:
(12)
D. Squeeze-Film Damping
Parkos et al. [18] developed a model for the gas-induced damping of a microbeam for a broad range of gap size between the beam and the gate. Their gas-damping model is based on the Boltzmann Ellipsoidal Statistical Bhatnagar-Gross-Krook (ES-BGK) simulation [19] , [20] and extended from the Gallis-Torczynski damping model [21] . Parkos' theory has been experimentally validated to the squeeze-film damping coefficient even when the gap approaches zero. To apply Parkos' model, a critical ratio of the gap g between the beam and the gate, i.e. g = g 0 − y, to the beam width b is first defined as: (g/b) c = x c = 0.0197. For the case with g/b > 0.0197, the damping coefficient per unit length due to the squeeze film is given by:
where μ 0 is the air viscosity, i.e. μ 0 = 0.018m Pa · sec, and K n is the Knudsen number, i.e. K n = λ/(g 0 − y) in which λ is the mean free path of the air. In (13), the coefficients χ, η, and ζ are functions of K n which are given by:
For the case with g/b < 0.0197, the damping coefficient per unit length due to the squeeze film is given by:
where q = −0.9373, and A 1 and A 2 are given by:
where μ G = 0.84μ 0 and x c = 0.0197. It is noted that the adhesion-induced damper and the squeeze-film damper are parallel in this system. Therefore, the summation of the adhesion-induced damping coefficient c A in (12) and the squeeze-film damping coefficient c s f in (13) or (15) produces the total damping coefficient per unit length c in (1), i.e. c = c A + c s f .
To summarize, with given switch dimensions, the beam deflection y(x, t) at any point in time t can be obtained by solving (1) and (2) with the total damping coefficient per unit length c = c A + c s f , the boundary conditions given by (3) and the initial conditions given by (4) before the tip-drain contact, i.e. y(L, t) < g a + δ 0 . When the beam tip contacts the drain, i.e. y(L, t) > g a + δ 0 , the last boundary condition of (3) is replaced by (9) .
E. Numerical Method
It is obvious that the governing equation of the beam deflection, (1) , is a nonlinear partial differential equation (PDE) because the squeeze-film damping coefficient c s f and the electrostatic force f E depend on the deflection y. An efficient numerical solution is the most appropriate method to solve (1) . McCarthy et al. [3] utilized the explicit finite difference method to solve this nonlinear PDE for determining the beam deflection. They also mentioned that the backward derivative approximation must be applied on ∂y/∂t of the damping term for the explicit calculation. Decuzzi et al. [4] solved this nonlinear PDE by the explicit and implicit finite difference method with using Heun's method to improve its stability. They claimed that the implicit method is more efficient for relatively large time scales.
In this study, the implicit finite difference method is utilized [22] . The most important advantage of the implicit method is its unconditional stability with respect to the time step t or length scale x. The first and third terms of (1) are approximated by the central difference expressions with respect to t and x respectively. The backward difference approximation is used for the second term (∂y/∂t) of (1).
IV. DISCUSSION
A. Modeling Results
In the following analysis, a typical RF MEMS switch with a uniform rectangular cantilever beam during actuation is considered. The switch beam is assumed to be fabricated by single-crystal silicon (E = 160 GPa, ρ = 2330 kg/m 3 ) with length L = 270 μm, width b = 10 μm, and thickness h = 4 μm. The gate is located between x = 81 μm and x = 189 μm. The distance g 0 between the beam bottom and the gate is 1.5 μm. The gap g a between the tip and the drain is 0.75 μm. The radius R of the tip curvature is 5 μm. The Young's modulus and Poisson's ratio are assumed to be 100 G Pa and 0.3 respectively for both the tip and drain. These should be viewed as average values since they vary widely depending on the material selection (e.g. 42.4 GPa for electroplated gold [23] , and 410 GPa for ruthenium [24] ). The JKR model is applied for the contact between the tip and the drain. The adherence force of the JKR model is given by P c = 1.5πwR. The actuation voltage of this RF MEMS switch in the following analysis is 29 V. Figure 6 shows the computed displacement of the contact tip as a function of time and for different damping effects during actuation. The tip displacement when adhesion-induced damping (light blue line) is the only assumed damping effect is slightly lower than the case when squeeze-film damping (blue line) is assumed by itself. For the case with the squeezefilm damping, four bounces occur during actuation. For the case accounting for both adhesion-induced and squeeze-film damping contributions (red line), a small bounce occurs after the first bounce, and then the switch is completely actuated. As a result including the adhesion-induced damping reduces the number of bounces from four to two. It must be noted that a strong adherence force P c causes the tip to remain stuck to the drain when the actuation voltage is released, i.e. f E = 0. To avoid this permanent stiction, a concentrated force F = P c is applied at the free end of the beam after f E = 0 to ensure that the beam can be released. If the displacement of the beam tip is smaller than the tip-drain gap g a in the next time step, this force F is removed from the calculation. Then the beam is released and vibrates with squeeze-film damping only. The quality factor can often present several critical features in a vibrating system. For example, a system with a large quality factor needs more time to reach steady state than one with a smaller quality factor. In this study, the quality factor Q A of the adhesion-induced damping can be obtained as:
It is noted that the damping coefficient per unit length of the squeeze film c s f depends on the distance between the beam bottom and the gate and is nonlinearly distributed along the beam. Hence, the quality factor of the squeeze-film damping is defined as:
With a given deflection y at a specific time t, the quality factor Q s f can be determined through numerically integrating c s f along the beam length L. Figure 8 shows the comparison of quality factors for this MEMS switch during actuation. The adhesion-induced quality factor Q A with w = 0.1 J/m 2 (blue line) is comparable to the squeeze-film quality factor Q s f (red line). With the work of adhesion w decreasing, the adhesion-induced quality factor Q A becomes greater than the squeeze-film quality factor Q s f .
B. Non-Dimensionalization
The non-dimensionalization is useful to analyze the performance and understand the relationship of various characteristics of a MEMS switch. By defining x * = x/L, y * = y/g a , t * = t E I/ρ AL 4 , b * = b/g a , g * 0 = g 0 /g a , and δ * 0 = δ 0 /g a , (1) can be non-dimensionalized as:
where
Consequently, the adhesion-induced damping coefficient per unit length can be non-dimensionalized as:
The squeeze-film damping coefficient per unit length can be written as: (24) where g * = g * 0 − y * , and
in which q = −0.9373, x c = 0.0197, and χ, η, and ζ are determined by (14) respectively. The boundary conditions are written as:
The initial conditions are given by:
Thus, the beam deflection y * (x * , t * ) versus time t * can be determined by following the implicit finite different method to solve (19) , (20) , and (21) with the boundary conditions given by (26) and the initial conditions given by (27). Although the dimensions of the Omron switch are not given explicitly, the non-dimensionalization can illustrate the characteristics of the switch. Figure 9 presents the dimensionless tip displacement y * versus dimensionless time t * for different dimensionless adhesion-induced damping coefficients. In this case, the magnitude of all dimensionless parameters is based on the dimensions of the switch in Section IV-A, i.e. b * = 13.33, g * 0 = 2, f * E = 56.67/(g * 0 − y * ) 2 , and μ 0 L 2 / √ ρ AE I = 0.0015 for the dimensionless squeeze-film damping coefficient. By considering the experimental result in Fig. 2 , the modeling result with c * A = 0.79 (red line) in Fig. 9 is analogous to the experimental voltage variation at the 20 millionth switching cycle in Fig. 2 since two bounces Fig. 2 and the modeling results in Fig. 9 indicate that the adherence force related to the work of adhesion w decreases through millions of switching cycles. Consequently, the decrease in the adherence force P c reduces the adhesion-induced damping coefficient which results in more bounces during actuation.
V. CONCLUSION
The significance of the adhesion-induced damping for a typical RF MEMS switch during actuation is investigated. In addition to the squeeze-film effect, the adhesion between the tip and the drain also causes energy dissipation during vibration of the beam. The adherence force produces the external work to dissipate the total energy per tip-drain contact. This energy dissipation also results in the reduction of the tip amplitude in the next vibration cycle. Furthermore, the number of bounces occurring during actuation can be reduced. The effect of the adhesion has been treated as a damping coefficient to reach an efficient computation process. The nondimensionalizaion is developed and utilized to analyze the physical characteristics of a typical RF MEMS switch without exact given dimensions. This model also demonstrates that the adherence force can be reduced for the switch undergoing millions of switching cycles, as discovered in the experimental results.
